Abstract An important consequence of the interaction of calix(n)arenes and amines is the generation of new electrolytes resulting from proton transfer reactions from the calix(n)arene molecule to the amine. A brief account on the contributions made in this area is presented. This is followed by recent electrochemical (conductimetric and potentiometric) and thermodynamic studies on the interaction of a phenol-based-calixarene and amines in non-aqueous media. The thermodynamics of extraction of amines by p-m butyl calix(8)arene in the water-benzonitrile solvent system is discussed taking into account the parameters which contribute to the overall process. The results obtained from conductimetric and spectrophotornetric studies on the interaction of a resorcinol-based calixarene and amines are presented.
INTRODUCTION
For many years our research interests have been mainly concerned with thermodynamic aspects of macrocyclic chemistry involving cryptands (refs. 1-15) and crown ethers (refs. 158~16) as synthetic hosts and various guest substrates (mainly cations). Particular emphasis has been placed on thermochernical aspects of the binding process including the characterisation of the host, the guest and the resulting complex in solution. As a logical extension of these activities, in recent years the range of macrocyclic ligands investigated has been expanded to involve cyclodextrins (refs. 17&18), cyclams (ref. 19 ) and calixarenes (refs 19-21) . The applications of calorimetry (macro and micro) to the study of host-guest interactions in solution been recently discussed in (ref. 22) . This paper concerns calixarenes and, therefore, it seems appropriate to mention that there are two thermodynamic aspects of calixarene chemistry that are currently investigated at Surrey. The first one is related to the interactions of calixarene derivatives and metal cations in 'allosteric guest' media. Based on recent thermodynamic studies on the complexation of a calixarene ester derivative known as n-butyl p-w butyl calix(4)arene tetraacetate and metal cations in benzonitrile, it was suggested that the terminology 'allosteric guests ' (refs. 19&23) should be introduced in calixarene chemistry to refer to solvents which interact with the hydrophobic cavity producing conformational changes which alter the selectivity of the hydrophilic cavity of the ligand.
behaviour shown by calix(4)arene derivatives with those molecules known as 'allosteric ligands' in enzymology. The second aspect of interest is that related to the interactions of calix(n)arenes and their derivatives with neutral species. In this paper, a brief account is first given on the contributions so far made in the area of calixarene chemistry involving amines. This is to be followed by electrochemical (conductimetric and potentiometric) and thermodynamic studies on the interactions of parent calixarenes and amines in non-aqueous media.
The thermodynamics of the extraction process involving amines in the water-benzonitrile solvent system is discussed. Finally, recent conductimetric and spectrophotometric studies on the interaction of a resorcinoi based calixarenc with amines i n chloroform are presented.
This terminology is based on the analogous 41 5 the reaction in acetonitrile and acetone proceeds with the transfer of a proton from the calixarene to the amine followed by ion-pair formation in the form of an endo-calix complex.
In chloroform, a complex of different structure to those found in acetonitrile and in acetone was suggested. Using various amines, equilibria d a t a for both processes in acetonitrile were derived from UV measurements (refs. 25 & 26 The results shown in Fig. 1 unambi uously demonstrate that (i) as the reaction proceeds from fa) to (b), proton transfer from Calix 8 to the amine occurs, since an increase in conductivity could be only attributed to ion formation in solution.
(ii) For these adducts, 1:l amine-calix 8 stoichiometries a r e found. Among the amines considered, the cryptands have distinctive properties relative to other cyclic and non-cyclic amines because each nitrogen can take up a proton. However, conductance data reveals that in the complexation of Calix 8 with cryptands in benzonitrile, only one proton is transferred. This statement is based on the similar conductances observed for Calix 8 with cryptands relative to other amines (where only one proton can be involved). This is further corroborated by potentiometric studies discussed below.
From the initial portion of the experimental titration curves of relatively diluted solutions of Calix 8 and amines (A) in benzonitrile (s), equilibria d a t a for the following processes at 298.15K, were calculated,
log Ka
Combination of (1) and (2) leads to data far process
These data are reported in Table 1 . The data obtained from conductance mesurements show that, for cryptands, the major contribution to the overall process given i : . eq. 4 .
results from ion-pair formation and for sriethylamine from the proton transfer rczction.
These results have been now corroborated 5y potentiometric titrations.
POTENTIOMETRIC STUDIES
Benzonitrile is a weaker acid and a weakr base (autoprotolysis constant, K, = The titration curve shows four inflection points which correspond to the release of four protons from calix(8)arene. However, the most striking feature of Fig. 2 is the substantial potential drop observed in the second dissociation step relative to the rather slight inflection observed for the release of the first proton. This unusual behaviour appears to indicate that the formation of the monoanion of Calix 8 may induce conforrnational changes which facilitates the release of the second proton. We are now carrying out 1H NRIR studies to obtain structural information about it. Titration data were analysed using a computer program (MINIQUAD) to calcu1at.e the dissociation constants for the following processes (eqs. 5-8). Therefore, log K l s = 0.98 is in good agreement with the value obtained by the conductimetric (log K ' S = 1.18; see Table 1 ) method. Excellent agreement is found between the log K, values obtained by titration calorimetry for these arnines and Calix 8 in benzonitrile, and those derived from conductimetrjc measurements (Table 1) . In all cases, the process is enthalpically controlled and takes place with a considerable loss of entropy which may be partly due to the interaction of two components to give a single component (ion-pair). As far as the AcH' values are concerned, these data reflect the distinctive properties of cryptand 222 (intermolecular cavity) relative to cryptand 22 (loop); triethylamine and atropine. In fact, the enthalpy value for cryptand 222 is about twice that of atropine. This result strongly suggests that the proton is sitting in the cavity of cryptand 222 and therefore, interacting with the donor atoms of the ligand. It is expected that this effect would be reflected to a lesser extent for cryptand 22 which may be regarded as a circular array of oxygen and nitrogen atoms. This interpretation makes chemical sense since the hydrophilic environment provided by the cavity of cryptand 222 would be more suitable for the proton than the poor solvating medium offered by the solvent. 13C N M R studies confirmed that the proton is residing in the cavity of the ligand. A detailed interpretation of the NMR data will be reported shortly.
T H E R M O D Y N A M I C STUDIES

EXTRACTION OF A M l N E S BY b-TERT BUTYL CALIX(8)ARENE
In a solvent extraction process (direct partition) involving water and benzonitrile, the t w o solvents would be mutually saturated and therefore, it may be argued that thermodynamic data referred to benzonitrile in its pure state would differ from corresponding data in the saturated solvent. However, for systems constituted by two solvents whose mutual solubility is very low; such as water-dichloromethane (ref. 32); water-nitrobenzene (ref. 33) as well as water-benzonitrile (ref. 34) ; it has been demonstrated that thermodynamic data in the pure solvent are in excellent agreement with data in the water-saturated solvent.
Therefore, the extraction of amines by p-rn butyl calix(8 arene in the water-benzonitrile solvent system is discussed on the basis of data referred to t h e pure solvent.
Since p -u butyl calix(8)arene is rather insoluble in water, the extraction of amines by this ligand from water to benzonitrile may be schematically represented by
where AtG' denotes the transfer Gibbs energy for the amine from water to benzonitrile and ApG* and AaG* are the Gibbs energies for the processes given by eqs. (3) and (2); respectively. Therefore, the overall Gibbs energy; A G * ; is given by ext A ext G' = AtG' (A) (H2O -+ S) + ApG' (s) -AaG* (s) (15) Data for the individual processes as well as Gibbs energy for the overall extraction of various amines by Calix 8 from water to benzonitrile at 298.15K is given in Table 3 . We are now attempting to analyse the conductimetric titration curves to derive equilibria data for the different processes taking place. Other studies involve 13C NMR and 1H N M R as well as the thermodynamics associated to these processes.
